Purpose: To propose and validate a respiratory motion resolved, self-gated (SG) 4D-MRI technique to assess patient-specific breathing motion of abdominal organs for radiation treatment planning. Methods: The proposed 4D-MRI technique was based on the balanced steady-state free-precession (bSSFP) technique and 3D k-space encoding. A novel rotating cartesian k-space (ROCK) reordering method was designed which incorporates repeatedly sampled k-space centerline as the SG motion surrogate and allows for retrospective k-space data binning into different respiratory positions based on the amplitude of the surrogate. The multiple respiratory-resolved 3D k-space data were subsequently reconstructed using a joint parallel imaging and compressed sensing method with spatial and temporal regularization. The proposed 4D-MRI technique was validated using a custom-made dynamic motion phantom and was tested in six healthy volunteers, in whom quantitative diaphragm and kidney motion measurements based on 4D-MRI images were compared with those based on 2D-CINE images. Results: The 5-minute 4D-MRI scan offers high-quality volumetric images in 1.2 9 1.2 9 1.6 mm 3 and eight respiratory positions, with good soft-tissue contrast. In phantom experiments with triangular motion waveform, the motion amplitude measurements based on 4D-MRI were 11.89% smaller than the ground truth, whereas a À12.5% difference was expected due to data binning effects. In healthy volunteers, the difference between the measurements based on 4D-MRI and the ones based on 2D-CINE were 6.2 AE 4.5% for the diaphragm, 8.2 AE 4.9% and 8.9 AE 5.1% for the right and left kidney. Conclusion: The proposed 4D-MRI technique could provide high-resolution, high-quality, respiratory motion-resolved 4D images with good soft-tissue contrast and are free of the "stitching" artifacts usually seen on 4D-CT and 4D-MRI based on resorting 2D-CINE. It could be used to visualize and quantify abdominal organ motion for MRI-based radiation treatment planning.
INTRODUCTION
In radiation therapy of abdominal tumors, it is necessary to assess patient-specific breathing pattern to determine individual margins for optimal radiation beam delivery. 1 As the current clinical standard, four-dimensional computed tomography (4D-CT) acquires a series of oversampled 2D slices, which are subsequently sorted into multiple respiratory motion-resolved 3D datasets using a motion surrogate. [2] [3] [4] However, 4D-CT delivers excessive ionizing radiation to the subject due to its relatively long scan time, and its soft-tissue contrast is often insufficient for tumor delineation in the abdomen. In addition, the 2D image sorting may result in "stitching" artifacts which potentially undermines abdominal organ visualization as well as the accuracy of motion quantification. [5] [6] [7] As an alternative modality, four-dimensional magnetic resonance imaging (4D-MRI) offers excellent soft-tissue contrast and is free of ionizing radiation. Following the concept of 4D-CT, the majority of existing 4D-MRI approaches acquire multiple 2D-CINE images in consecutive slices and retrospectively sort them based on recorded motion surrogates. [5] [6] [7] [8] [9] [10] As a result, these 2D-based methods have similar "stitching" artifacts as 4D-CT, and their > 2-mm inplane resolution and 5-10 mm slice thickness may be inadequate for accurate motion quantification. 11 Deng et al. recently proposed a novel 4D-MRI technique with high spatial resolution and free of the "stitching" artifacts because 2D image sorting is replaced by 3D k-space binning. 11 In their approach, golden-ratio 3D radial k-space trajectory 12, 13 with respiratory motion self-gating (SG) 14, 15 is used. However, the mandatory cubic fields-of-view (FOV) and computationally demanding image reconstruction associated with 3D radial trajectory potentially limit the scan efficiency and overall clinical utility.
In this work, we propose a 4D-MRI technique based on the balanced steady-state free-precession (bSSFP) technique and a 3D Cartesian k-space trajectory. The use of bSSFP contrast improves the scan efficiency due to its signal-to-noise ratio (SNR) advantage over gradient recalled echo (GRE). In our technique, we used a rotating cartesian k-space (ROCK) reordering method which incorporates repeatedly sampled kspace centerline as respiratory motion surrogate and allows retrospective k-space data binning into multiple respiratory positions. The proposed technique was validated in imaging studies on a motion phantom and healthy volunteers, where quantitative motion measurements based on 4D-MRI were compared with those based on 2D-CINE images.
METHOD

2.A. Imaging sequence
A standard bSSFP MRI pulse sequence was modified using ROCK, 16 a 3D Cartesian k-space reordering method that provides: (a) variable density k-space sampling for improved scan efficiency 17 ; (b) repetitively sampled k-space centerline 18 as respiratory motion surrogate; (c) flexibility of retrospective data binning into multiple respiratory positions.
Figure 1(a) shows the logical k y Àk z plane of the Cartesian k-space grid, where each point represents a read-out line in the k x direction. First, all points in the plane are divided into N concentric rings. A spiral path with azimuthal angle ; is generated and subsequently mapped to N Cartesian grid points along the spiral trajectory, one point from each ring. Details on the generation and mapping of the spiral path have been previously described. 16 The entire process is then repeated for the next spiral path with ; incremented using the golden angle (; ¼ modð360 Ã 0:618; 180 Þ ¼ 137:5 ), until the desired number of samples is reached. The golden angle rotation ensures near uniform k-space sampling pattern for each respiratory position after retrospective data binning while allowing flexible sampling rates. 12, 19 In this study, the Cartesian grid was divided into N = 20 rings, which was empirically chosen considering the matrix size in the k y -k z plane and the sampling frequency of the self-gating lines. The number of Cartesian grid points within each ring grew exponentially from the innermost ring to the outer rings. In this way, the final sampling pattern had variable sampling density 20 where the center k-space was sampled more often than the peripheral ( Fig. 1(b) ), because an equal number of sampling points were chosen from each ring. Moreover, the innermost ring had only one point in the center, which was therefore sampled once in every quasispiral path and subsequently used for SG.
2.B. Motion estimation and data binning
The scan was performed in coronal view with k-space read-out in the superior-inferior (SI) direction. The k-space centerlines in the ROCK pattern were used for calculating the respiratory motion surrogate signal. They were first Fourier transformed into projections and then interpolated eightfold in order to improve the spatial definition of the estimated motion and offer smoother motion weights in the soft-gated image reconstruction. The shifts relative to the reference (i.e., first SI projection), which were estimated by maximizing the cross-correlation, were subsequently used as the respiratory motion surrogate. 16 Compared with using cross-correlation coefficient alone, 11, 21 this method calculates the respiratory motion in millimeters and is insensitive to the choice of reference.
All acquired k-space data were then binned into N resp respiratory positions based on the amplitude of the motion surrogate. Instead of a conventional binary data binning decision, a soft-gating approach was used based on a Gaussian weighting function with its Full-Width Half maximum (FWHM) set to 1/N resp of the dynamic range (i.e., highest peak to lowest valley) of the respiratory surrogate signal, as shown in Fig. 2 . The Gaussian weightings were used as the soft-gating term in the ESPIRiT 22 image reconstruction, which has been shown to effectively improve the signal-to- noise-ratio (SNR) without introducing noticeable motion blurring artifacts. [23] [24] [25] 
2.C. Image reconstruction
Two different image reconstruction strategies were used in this study. In motion-independent reconstruction (strategy 1), 3D k-space from each respiratory position was reconstructed independently using:
where x is the reconstructed volumetric image; D and F represent undersampling and Fourier transform operations, respectively; S is the coil sensitivity map estimated by ESPIRiT; 22 w is the Gaussian-shaped weightings for the respiratory motion soft-gating; y is the k-space measurements; wðxÞ is the spatial regularization term using the randomized shifting Daubechies wavelets. 26 The motion-independent reconstruction (strategy 1) was used in phantom experiment since each k-space bin has approximately the same number of samples due to the relative homogeneous motion profile.
In the motion-regularized image reconstruction (strategy 2), images from all respiratory positions were reconstructed together using:
where i = {1. . .N resp } represents different respiratory positions and RðxÞ is a sparsifying transform applied along the respiratory dimension. In this work, the temporal finite differences (i.e., total variation) were used as RðxÞ. 27 The additional regularization along the respiratory dimension potentially enforces the similarity among images of different respiratory positions. We expected that it is helpful in compensating for the image quality inconsistency throughout the different respiratory positions.
Data processing and image reconstruction algorithms for both strategies were implemented in a previously described customized inline image reconstruction system. 28 K-space data were transmitted to the server (3.5 GHz 6-core CPU, 32 GB RAM, NVIDIA GTX970) as it was acquired. The motion estimation, data binning and image reconstruction programs were started automatically upon the finish of the scan. The reconstructed pixel data were transmitted back to the scanner console to generate the DICOM files. The total processing time was 10 min with GPU and CPU acceleration using the Berkley Advanced Reconstruction Toolbox (bart-0.2.09). 29 A web-based graphic interface was employed for users to configure and monitor the reconstruction process.
2.D. Phantom experiment
A custom-made, MRI-compatible motion phantom was constructed to validate the proposed 4D-MRI techniques. As shown in Fig. 3 , a computer-controlled step motor drives a hydraulic cylinder that transmits the reciprocating motion to a second cylinder connected to a moving dolly inside the scanner room. A linear potentiometer was used to measure the displacement of the cylinders for feedback control and system calibration.
A 300-ml plastic bottle filled with water was placed on the dolly as the moving object, which is surrounded by two 1000-ml static water bottles on both sides. The motion was programmed with variable motion parameters for a periodic motion (displacement range: 28 and 14 mm; period: 8 s, 12 s, 16 s, and 20 s; triangle and trapezoid waveform). All phantom imaging experiments were performed on a 1.5T MRI scanner (MAGNETOM TIM Avanto, Siemens Medical Solutions, Erlangen, Germany). The proposed 4D-MRI technique was performed and repeated for each motion configuration. Important pulse sequence parameters included: field-of-view = 500 9 300 9 200 mm; resolution = 1.2 9 1.2 9 1.6 mm; coronal view with read-out in SI direction; TE/TR = 2.0/4.0 ms; flip angle = 65; scan time = 5min; fat saturation pulses every 200 ms.
Data were retrospectively binned into N resp = 8 respiratory positions and reconstructed using strategy 1. The locations of the moving object in each respiratory position were measured on 4D-MRI images and compared with the ground truth motion parameters.
2.E. In vivo experiments
The proposed 4D-MRI technique was tested in six healthy volunteers using the same 1.5T scanner used in the phantom experiment. The study was approved by our institutional review board and each volunteer provided a written informed consent. No specific breathing instructions were given to the subjects. 4D-MRI scans were performed using identical sequence parameters as those used in our phantom experiment. After the 5-min 4D-MRI sequence, additional 2D-CINE (bSSFP, resolution = 1.8 9 1.8 9 6 mm; 5fps; scan time = 30 s) scans were repeated six times with different slice orientations (two sagittal, two coronal, and two axial). Total scan time on each volunteer was less than 20 min including the set-up and the localizer. 4D-MRI data were retrospectively binned into N resp = 8 respiratory positions and reconstructed using both strategies 1 and 2.
A peak detection algorithm was used to identify the peak and valley of each breathing cycle in the derived SG surrogate. The breathing cycle variability was quantitatively calculated as the normalized standard deviation (NSD) of the magnitude and position of all breathing cycles as shown in Eqs. (3) and (4) .
NSD pos ¼ std
In order to compare the motion measurements based on 4D-MRI and 2D-CINE, the reconstructed 4D images (strategy 2) were reformatted to match the slice orientations of the 2D-CINE images. Inplane motion amplitudes of three regions of interest (ROI), including the diaphragm dome; left and right kidney, were measured based on reformatted 4D and 2D-CINE images. The 30 s 2D-CINE images contain more than one breathing cycle and therefore the motion amplitudes of all cycles were averaged as the final measurements. Figure 4 shows the 4D-MRI of the motion phantom using the following motion configuration: displacement range = 28 mm; period = 16 s; triangle waveform. The motion surrogate derived from k-space centerlines was in accordance with the ground truth motion waveform. The images of the first and last respiratory positions are coloroverlaid for motion amplitude measurement in Fig. 4(c) . The measured motion amplitude based on our 4D MRI was 24.82 mm, 11.36% smaller than the ground truth peak amplitude (28 mm), which is expected due to the averaging effect of data binning. For a triangular motion waveform where the motion is uniform within each bin, we expect a 1/N resp (i.e., 12.5%) difference between the measured displacement and the ground truth, which is from the topmost point of the triangle to the very bottom (Fig. 4(d) ). Table I lists all motion amplitude measurements under different configurations and they were 11.89% (expected: 12.5%) smaller than the ground truth when triangular waveform was used, and 6.22% smaller than the ground truth when trapezoid waveform was used.
RESULT
All volunteer scans were successful. The averaged NSD of the motion amplitude and position were 15.87% and 11.68%, respectively. Figure 5(a) shows selected pieces of respiratory motion surrogates from a single 4D-MRI on a healthy volunteer. The amplitude, position, and frequency of respiratory motion were highly inconsistent among different breathing cycles. Several inspiration peaks in this example (marked in red) had different amplitudes, which would be binned together and result in motion artifacts if conventional respiratory phase based data binning was used. 30 In the proposed method, however, data binning was based on the respiratory amplitude and these inspiration peaks were binned into different respiratory positions. The 3D K-space data samples after retrospective respiratory binning were roughly uniform in the azimuthal direction (Fig. 5(c) ) due to the golden angle rotation of quasispiral paths in our ROCK k-space sampling pattern. Figure 6 shows the reconstructed 4D-MRI images (4 out of 8 respiratory positions) reformatted into sagittal, coronal, and axial slice orientations. See online supplemental material Video-S1 for a movie on the same dataset. Major abdominal organs, including the liver, kidneys, and pancreas are clearly visualized in 3D and in different respiratory positions.
In our study, the averaged undersampling rates of the 3D k-space over all volunteers and in all respiratory positions were 7.5 AE 1.7. The different respiratory positions have different undersampling rates due to the heterogeneity of each individual's breathing pattern. This results in image quality variations across different respiratory positions when motionindependent image reconstruction (strategy 1) is used. In the example shown in Fig. 7 , the k-spaces of the first and last respiratory positions had undersampling rates of 5.4x and 9.5x, respectively, and image of phase 8 using strategy 1 reconstruction had severe artifacts that potentially limit the delineations of abdomen organs or tumors. In motion-regularized image reconstruction (strategy 2), the images for all the respiratory positions are reconstructed in a joint optimization process and the image quality is more consistent throughout the respiratory cycle. Figure 8 shows a comparison of the reformatted 4D-MRI and 2D-CINE images from the same subject and in the same slice orientation. The 4D-MRI image has comparable image quality with the 2D-CINE, although it offers much higher resolution and 3D coverage. Quantitative in vivo motion amplitude measurements over three ROIs are listed in Table II . The difference between the measurements based on 4D-MRI and the ones based on 2D-CINE were 6.2 AE 4.5% for the diaphragm, 8.2 AE 4.9% and 8.9 AE 5.1% for the right and left kidney. The difference between the two measurements may be due to the intrascan and interscan variation in the breathing pattern and the relatively low spatial resolution of 2D-CINE images.
DISCUSSION
In this work, we proposed a 4D-MRI method based on 3D ROCK Cartesian sampling and retrospective k-space data binning based on a respiratory motion self-gating signal. The preliminary results on phantom and healthy volunteers demonstrated that the proposed method could be used to quantitatively assess the respiratory motion in abdominal organs. This approach may represent a significant improvement over conventional multislice 2D dynamic MRI approaches that have been developed over the past decade due to its intrinsic 3D encoding, higher SNR and absence of miss-registration issues between slices. These features could translate to significant benefits for MRI-based radiotherapy treatment planning.
The custom-made programmable motion phantom was able to generate parametric and reproducible motion to quantitatively validate the proposed 4D-MRI technique. The motion configurations used in the study were analogous to the respiratory motion of human subjects in terms of amplitude and cycle. The triangular waveform offered uniform spatial distribution over entire motion range so that the difference in motion amplitude measurements due to data binning could be predicted. The 4D-MRI images were reconstructed into eight respiratory positions and therefore the amplitude measurement based on those positions was expected to be 12.5% less than the ground truth. Our result shows that those measurements were 11.89% less than the ground truth, a good match with the theoretical analysis. Furthermore, the trapezoid waveform used in the study has nonuniform spatial distribution in the first and last positions with bias toward the peak. Accordingly, the motion amplitude measurements in these configurations were 6.22% less than the ground truth. These results demonstrated the accuracy of motion measurements based on the proposed 4D-MRI technique. Our volunteer study results showed a relatively large difference between motion amplitude measurements based on 4D-MRI and those based on 2D-CINE. As demonstrated in Fig. 5 and our breathing cycle analysis results, we speculate that the larger breathing cycle and breathing motion amplitude variabilities associated with the longer 5-min 4D-MRI scan are the main reason for this difference. In addition, the relative large voxel size (1.8 9 1.8 9 6 mm 3 ) of 2D-CINE is also a potential source of error for the measurement based on 2D-CINE. On the other hand, the aforementioned 4D-MRI binning effect, as demonstrated in the motion phantom experiment, could contribute to the measurement error of 4D-MRI.
Such an error can be reduced by increasing the number of respiratory bins during the reconstruction.
One of the key components in the proposed 4D-MRI method is the Cartesian ROCK sampling pattern. Several Cartesian-based, motion-imaging methods have been proposed recently and applied to abdominal 31 and neuro imaging 32 applications. Similar to these methods, the ROCK used golden angle rotation of k-space sampling trajectory to ensure near-uniform angular distribution after retrospective data binning. However, our ROCK approach differs from these previous approaches. First, the Cartesian k-space is reordered using quasispiral instead of quasiradial trajectories. We speculate that the quasispiral trajectories may provide k-space sampling that is more incoherent, especially when an anisotropic k y Àk z matrix is used. Second, the Cartesian grid was divided into several rings and the size of each ring controls the sampling density in the radial direction. This design enables a more efficient variable density k-space sampling where the center region is more densely sampled than the outer region. We showed several examples of the k-space sampling pattern after data binning that demonstrate the benefits of these designs.
In the proposed 4D-MRI method, the self-gated respiratory motion surrogate is derived from the k-space centerline of the imaging volume. Compared with motion surrogates based on external devices (e.g., respiratory bellows), the k-FIG. 5. The amplitude of the derived self-gating motion surrogate on a healthy volunteer (a) is highly inconsistent in different temporal windows. The respiratory amplitude driven data binning used in the proposed technique could address intrabin motion issues when using conventional respiratory phase driven data binning. The heterogeneity of respiratory motion, as shown in the motion histogram in (b), will result in different k-space undersampling factor for each respiratory position. But the golden-ratio rotation in ROCK sampling pattern ensures near uniform angular sampling in all k-space bins.
space centerlines provide information directly from the imaging object and therefore may be theoretically more accurate and reliable. In addition, the acquisition of k-space centerline is fully integrated within the ROCK sampling pattern so that the magnetization steady state is not disrupted by the acquisition of k-space centerlines, whereas another commonly used alternative technique, diaphragm navigator, usually creates dark bands over the liver. The accuracy of k-space centerline as motion surrogate was demonstrated in our phantom experiments where the derived motion signal matches well with the programmed motion waveform.
It is noteworthy that the data binning used in the proposed method is based on the amplitude of the respiratory motion rather than the phase (i.e., time within the respiratory cycle). The major benefit of amplitude-based data binning is that all acquired data can be used in the reconstruction even in the 
FIG. 7.
Comparison of the images reconstructed using two strategies on the same volunteer dataset. The image quality is inconsistent in motion-independent image reconstruction (strategy 1) because the undersampling factors of the k-space bins are different due to the heterogeneity of respiratory motion. In motion regularized image reconstruction (strategy 2), the image quality is more consistent in different respiratory positions.
presence of varying breathing patterns. Our result shows that the amplitude and position of the breathing cycles within the 5-min 4D-MRI scan were highly variable even in these healthy volunteers (averaged NSD of amplitude and position were 15.78% and 11.68%, respectively). For instance, two pieces of data acquired during a deep inspiration and a shallow inspiration would have been included together using respiratory phase-based binning methods, and resulted in blurring and ghosting artifacts in the reconstructed images. Therefore, certain data rejection strategies are usually used to exclude "outlier" breathing cycle in phase-based binning methods. In addition to compromised scan efficiency, the 4D images after outlier data rejection may no longer accurately represent the true breathing pattern during radiotherapy. On the other hand, the amplitude-based approach provides only position information, whereas the phase-based approach provides both position and temporal information within a breathing cycle. In addition, amplitude-based approaches could fail to capture the well-known hysteresis effects, which is a limitation that warrants further investigations.
The ROCK sampling could provide k-space bins with near-uniform sampling in the azimuthal direction and variable density sampling in the radial direction. However, the actual sampling rate of each k-space bin also depends on the breathing pattern. A heterogeneous breathing pattern could result in inconsistent k-space undersampling rates and, consequently, variations in image quality among different respiratory positions. In the proposed method, we addressed this issue by using a motion regularized image reconstruction where all 4D images were reconstructed using a joint equation with a regularization term that penalizes differences among images of different respiratory positions. This concept was proposed by Feng et al. 27 for accelerations in cardiovascular imaging applications. Our preliminary result shows that this method could compensate for the inconsistency in kspace undersampling rate and results in 4D images with more consistent quality across the respiratory cycle. However, the total variation regularization used in the proposed method may not accurately model the underlying respiratory motion. Therefore, the image quality could be compromised in extreme cases of very highly undersampled k-space.
The proposed method is based on 3D Cartesian sampling that holds several technical and practical advantages over non-Cartesian sampling like 3D radial. First, the imaging field-of-view of Cartesian sampling is more flexible, whereas the 3D radial sampling is limited to isotropic field-of-views. For imaging application in the abdomen, an isotropic fieldof-view may inevitably include regions outside the body and potentially compromise the scan efficiency. Moreover, Cartesian sampling is less sensitive to hardware imperfections. Additional data manipulation, including gradient delay correction and phase correction, is warranted to remove imaging artifacts in reconstructing non-Cartesian dataset and these techniques are usually designed specifically for certain systems and are not widely applicable. In Cartesian sampling, the behaviors of these hardware imperfections are quite different and hardly noticeable in the reconstructed images. In addition, the computation power required to reconstruct Cartesian dataset is much less than those required for a nonCartesian dataset. This problem becomes more prominent when iterative image reconstruction algorithms like compressed sensing are used. In this study, all data binning and image reconstruction algorithms were finished in 10 min on a conventional PC, which is currently not possible if non-Cartesian sampling was used. 33, 34 Furthermore, the proposed 4D-MRI could potentially enable adaptive motion management in MRI-guided radiation therapy suite, 35 where the lowlatency image reconstruction is highly desirable. The scan efficiency and image quality of the proposed 4D-MRI could be further improved by optimizing the pulse sequence and image reconstruction. First, the sequence applies fat saturation pulses before every quasi-spiral readout. This is because subcutaneous fat is associated with high signal, which could undermine the motion estimation accuracy and sensitivity of the self-gating projections. However, we acknowledge that such implementation is not optimal since only half of the scan time is spent on actual k-space sampling. This issue could be mitigated by reducing the frequency of fat saturation pulses, or completely solved by using fat suppression techniques that does not interrupt the steady state (e.g., fat-water separation or water only excitation). Second, the data processing and image reconstruction time, which currently takes approximately 10 min, could be further reduced by optimizing the algorithm and using more powerful computing systems with improved parallel processing capabilities. Furthermore, the performance of the image reconstruction algorithm could be improved by incorporating a respiratory motion model into the reconstruction framework. Odille et al. 36 first proposed to simultaneously estimate the images and the motion model by solve two coupled inverse problems. Several recent works 37, 38 combined this approach with compressed sensing and non-Cartesian sampling, and were able to reconstruct images based on up to 16X undersampled k-space.
Our study has limitations. The customized motion phantom can only generate simple translational motion in one dimension. Due to the lack of gold-standard for in vivo quantitative motion measurements, it is highly desirable to further validate the proposed technique using phantoms with complex nonrigid motion. 39, 40 Furthermore, our in vivo study only included six healthy volunteers. Despite the relative small number of subjects, we were unable to use the proposed techniques to characterize the motion of abdominal tumors. Future work includes clinical studies to validate the proposed technique on patients and to compare it against 4D-CT, which is the current clinical standard.
CONCLUSION
The proposed 4D-MRI technique could provide high-resolution, high-quality respiratory motion-resolved 4D images with good soft-tissue contrast and are free of the "stitching" artifacts usually seen on 4D-CT and 4D MRI based on resorting 2D-CINE. Results from motion phantom and volunteer studies demonstrated the feasibility of using proposed 4D-MRI technique to visualize and quantify high-resolution abdominal organ motion for MRI-based radiation treatment planning.
